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Abstract

Objective Systemic lupus erythematosus (SLE), the most common form of lupus, is a multisystemic rheumatic disease with
different clinical features that generally affect women of childbearing age. The common symptoms of SLE are very similar
to other autoimmune and non-autoimmune disorders, thereby it is known as a thousand faces disease. In this article, we are
going to discuss some of the most updated information about immune system-related factors, cells, and cytokines involved
in SLE pathogenesis.

Methods Different electronic databases, especially PubMed/MEDLINE, Scopus, and Google Scholar, were searched to
review and analyze relevant literature on the role of innate and adaptive immune cells and cytokines in the pathogenesis of
SLE. A search for relevant literature was accomplished using various keywords including systemic lupus erythematosus,
apoptosis, autoantibodies, immunopathogenesis of SLE, adaptive and innate immune cells, inflammatory cytokines, hor-
mones, etc.

Results and conclusion The most important characteristic of SLE is the production of antibodies against different nuclear
autoantigens like double-strand DNA and RNA. The depositions of the immune complexes (ICs) that are generated between
autoantibodies and autoantigens, along with aberrant clearance of them, can lead to permanent inflammation and contribute
to tissue or organ damage. Related mechanisms underlying the initiation and development of SLE have not been clarified
yet. Although, defects in immune tolerance, enhanced antigenic load, hyperactivity of T cells, and inappropriate regulation
of B cells contribute to the pathogenic autoantibodies generation. Besides, sex hormones that influence the immune system
seem to act as triggers or protectors of SLE development.
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Introduction which may be attributable to the existence of different genes

on the sex chromosomes and the presence of gender-specific
Systemic lupus erythematosus (SLE) is an autoimmune  hormones [2]. SLE can involve different systems and organs,
rheumatic disorder with different clinical manifestations. such as the skin, joints, central nervous system, heart, and
The incidence of SLE in females is higher than in males [1], cardiovascular system, and especially, the kidneys known as
lupus-induced nephritis (LN).

SLE is characterized by circulating autoantibodies
(autoAb) against multiple self-nuclear antigens, especially
54 Elham Farhadi double-strand DNA (dsDNA), that lead to antigen—antibody

farhadie @ tums.ac.ir complex formation (immune complexes, ICs) [3], and result
in the inflammatory response of the immune system [4].
Defects in the apoptosis process [5] and ineffective clear-
ance of apoptotic cells lead to the release of autoantigenic
contents of cells that may increase the chance of autoanti-
gens (autoAg) identification by the immune system [6, 7]. It
has seemed, dysregulation of innate immunity, e.g., reduced
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phagocytosis and increased oxidative activity of neutrophils
[8, 9], accumulation of plasmacytoid dendritic cells (pDCs)
in inflamed tissues [10], as well as the deficiency or muta-
tion in the components of the complement system [11-13],
has been associated with SLE disorder. Besides, impairment
function of the adaptive immunity such as the increased
activity of B cells, defect in the removal of auto-reacting B
cells [14], and the hyperactivated phenotype of T cells can
increase the generation of autoAbs [4, 14]; indicating that,
there is a connection between mechanisms of the innate and
adaptive immune system in the development of the SLE.
Single-cell RNA sequencing (RNS-seq, transcriptomic)
analyses on purified immune cells of LN kidneys identified
21 subsets of infiltrating immune cells in different activa-
tion state in LN kidney tissues including different clusters
of macrophages, natural killer (NK) and DC cells, and B and
T lymphocytes which contribute to autoimmune responses
and tissue injury in LN patient. While in a normal kidney,
no B lymphocytes were identified and only three clusters
of immune cells have been detected: a myeloid group and
memory T CD4* lymphocytes [15, 16].

Due to the critical role of inflammation, inflammatory
mediators, cytokines, and immune cells’ abnormalities in the
etiopathogenesis of SLE, today, most of the treatments are
dependent on the consumption of various doses of steroid
drugs, nonsteroidal anti-inflammatory drugs (NSAIDs), and
B cells targeted biological therapies [17].

Accordingly, this review provides an overview of factors
and related mechanisms involved in the pathogenesis of SLE
including the correlation of apoptotic process and nucleic
acid-sensing, the interaction of different parts of the immune
system, and the effect of different hormones on immune sys-
tem regulation.

Apoptosis and pattern recognition receptors

Apoptosis is a normal process of tissue homeostasis and self-
tolerance that occurs in physiological and pathological con-
ditions [4]. Normally, phagocytes find early apoptotic cells
directly by their receptors or indirectly by serum opsoniza-
tion through complement components and clear tissue from
apoptotic cells before converting to secondary necrotic
cells. This process prevents the accumulation of cellular
and microbial debris [4, 5]. If early apoptotic debris are not
cleared by the immune systems, they can convert to the late
apoptotic cells and their containing autoAgs will be released
[18-20]. Therefore, the clearance of early apoptotic cells
is an immunologically silent or anti-inflammatory process,
whereas removal of late apoptotic debris is accompanied
by pro-inflammatory and autoimmune responses [5, 19].
The clearance of DNA or RNA nucleoprotein complexes
(NPCs), derived from late apoptotic cells, by phagocytes,
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macrophages (MQs), and DCs leads to excess production
of pro-inflammatory cytokines (Fig. 1). Antigen-presenting
cells (APCs) process and present NPCs by human leukocyte
antigen (HLA) classes I and II to the T cells. Subsequently,
autoreactive B and T cells are generated, result in the auto-
Abs production and loss of self-tolerance [4, 19]. With
regards to the HLA role in the antigen presentation, HLA
genotypes have a substantial role in T-cell activation and are
associated with autoimmune disease susceptibility [19, 20].

Hence, the accelerated apoptosis process and delay in the
clearance of apoptosis derbies are contributed to autoAgs
exposure and SLE immunopathogenesis [18]. This defect in
apoptosis may occur due to some genetic and environmental
factors (like smoking, UV light) as well as infections [20].
Cellular debris and danger signals from late apoptotic cells
will be recognized by a subset of pattern recognition recep-
tors (PRRs), known as Toll-like receptors (TLRs) as well as
cytosolic DNA sensors such as cyclic guanosine monophos-
phate (GMP)—adenosine monophosphate (AMP) synthase
(cGAS) [19, 21, 22].

TLRs have an essential role in the initiation of the innate
immune response against cell-derived antigens [19, 21].
Moreover, these receptors have been found to link innate
and adaptive immunity and sense pro- or anti-inflammatory
signals, through their existence in immune cells like DCs
and MQs and non-immune cells like fibroblasts and epithe-
lial cells. Recognition of danger signals by TLRs induces
intracellular signaling pathways which contribute to cell
proliferation, cytokine production, as well as co-stimulatory
molecule expression (Fig. 1) [20, 21].

In the context of SLE, the role of TLR7 and TLRO is
more important than the other TLRs. Specific single-nucle-
otide polymorphisms and increased expression of TLR7 and
9 have been associated with SLE [23, 24]. TLR7 and 9 are
directly interacting with ICs containing single-strand RNA
(ssRNA) and unmethylated CpG dsDNA, respectively, and
are necessary for the autoAbs production against RNA and
DNA [21].

Activation of TLR7 and 9 results in the generation of type
I interferon in the immune cells, particularly pDCs. Produc-
tion of type I interferon contributes to decreased threshold
of B-cell receptor (BCR) activation and promotes autoAbs
production in a positive-feedback loop [25].

Generally, TLR7 and TLR9 compete with each other
for expression on the membranes of endosomes and lys-
osomes. TLRO limits TLR7-mediated function, like T-cell
activation and expansion as well as the development of the
memory T cell. Therefore, the absence of TLRY results in
elevated TLR7 signaling and promotes TLR7-related activ-
ity [4, 21, 24]. According to the studies on animal models,
in the absence of TLROY, the rate of autoAbs against proteins-
related RNAs is raised [19].
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Fig. 1 Schematic review of SLE immunopathogenesis: A In physi-
ologic conditions, early apoptotic cells will be found through APCs
(like MQs) and clearance in a silent manner (without inflammation).
B The defective function of the complement system or inappropri-
ate clearance causes early apoptotic cells to turn into late apoptotic
cells and release their nuclear contents (known as autoAbs). These
autoAbs detect through TLR7 and TLR9 in pDCs or other APCs.
These autoAbs are presented to the subset of T cells. T cells trigger

In addition to TLRs, mounting evidence suggests that
cytosolic DNA can sense by the cGAS—stimulator of inter-
feron genes (STING) pathway [22, 26]. Binding DNA to
the cGAS contributes to STING activity and triggers acti-
vation of interferon regulatory factor (IRF)-3 [26]. Besides,
STING can stimulate the activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) [27].
Stimulation of IRF3 and NF-xB contributes to the induc-
tion of inflammatory genes and the production of inflam-
matory cytokines, especially type I interferon [22, 27, 28].
The presence of the cGAS—STING pathway is necessary to
DCs’ stimulation. Activation of the STING pathway in DCs
triggers naive T-cell proliferation and interferon-gamma
(IFN-y) generation, and may accelerate the maturation of
naive T cells to become professional APCs [28]. Accord-
ing to the reports, the gain-of-function mutations in STING
lead to SLE-like diseases [22, 26]. Besides, peripheral
blood mononuclear cells (PBMCs) from SLE individuals
represent higher levels of cGAS. However, the role of the
cGAS-STING pathway in SLE pathogenesis needs more
investigation [22]. Thereby, it seems the cGAS—STING sign-
aling pathway may have a role in SLE pathogenesis.

B cells and migrate to the germinal center. In the germinal center,
B cells turn to autoreactive B cell and leave the germinal center as
autoreactive plasma cells. Plasma cells produce autoAbs which then
form immune complexes (ICs) with nuclear Ag. ICs will be found by
immune cells and the pathologic cycle will continue. If ICs are not
cleaned properly, they will deposit in different organs and activate the
complement system and eventually damaging that organ

Innate immune cells and SLE

The innate immune system consists of varied immune cells
and mediators that circulate in the blood and reside in the
tissues. Activation and recruitment of autoreactive adaptive
immune cells require a strong motivation from innate immu-
nity. Besides, severe activation of the innate immune system
can independently trigger inflammation and tissue damages
[29]. Here, we are going to discuss the function of innate
immune cells in SLE pathogenesis. The change in the innate
and adaptive immune cells in SLE is summarized in Table 1.

Dendritic cells

DCs are professional APCs that bridge innate and adaptive
immunity by producing cytokines and providing co-stim-
ulatory signals as well as presenting antigens by HLA-II
molecules [4, 30, 31]. DCs are categorized into three major
subpopulations such as myeloid/conventional DC1 and
2 (¢cDC1/2) and pDCs [32]. Moreover, during inflamma-
tion, monocytes can differentiate into monocyte-associated
DCs (mo-DCs) [31, 32]. ¢cDCs are able to stimulate T cells,
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Table 1 Alteration of immune cells in SLE

Immune cell Alteration in SLE Potential target treatment Mechanism References
DC pDC Represent normal, increased, and Tolerogenic DCs’ therapy Modulates immune response in Ag- [139-141]
reduced frequency specific method
cDC Has an autoreactive function Ind}]ction of Treg (clinical trial-in
mo-DC Reduced level vitro)
ILC ILC1 Increased frequency is predominant — - [55, 56]
ILC2 Decreased frequency
ILC3 Increased, decreased, and almost
normal activity in different studies
MQ - M1-MQs are predominant - - [63-65]
Represents normal and reduced
frequency
Basophil - Represent activated phenotype Omalizumab As a mAD binding to IgE and [142, 143]
Overexpress surface markers decreased type I IFN generation
Participates in circulating-ICs by inhibition activity of basophils
generation and pDCs
Neutrophils - Increased level of the NET forma-  DNasel As an endonuclease degrades NETs [144, 145]
tion (clinical trial-in vitro)
Reduced phagocytosis activity Vitamin D May decrease NETs formation
Increased expression of adhesion (clinical trial-in vitro)
molecules Antimalarials Inhibits processing of NETs forma-
tion via TLR9Y (clinical trial-in
Vitro)
PAD4 inhibitor Down-regulates NET formation
(clinical trial- murine models)
NK cell - Reduced frequency - - [61, 62, 146]
Increased immature form
Reduced cytotoxic activity in the
active stage of SLE
Increased cytokine production in
the active stage of the SLE
T cells Tth cell Has a positive correlation with anti- Efalizumab mAb, targets CD11a (Clinical tial-  [147]
dsDNA antibodies Dapirolizumab need more investigation)
Tfr cell Reduced level in SLE mADb, targets CD40 ligand (under-
Th17 cell  Increased frequency especially in going phase Il trial)
SLE patients with LN involvement
Treg cell Generally reduced suppressive
activity
In some cases increased activity
yoT cell Reduced level of regulatory YT
cell
B cells B cells Increased rate of class-switched Belimumab mADb, targets CD257 (FDA [147-149]
CD27 +1IgD- memory B cells approved for SLE)
Increased rate of CD27- IgD- mem-
ory B cells in some cases
Plasma cell Increased level Obexelimab -mAb, targets CD19

Breg cell

Reduced capacity for suppressive
activity

(complete phase II of a clinical
trial)

DC dendritic cells, pDC plasmacytoid DC, cDC conventional DC, mo-Dc monocyte-associated DC, NET neutrophil extracellular trap, NK natu-
ral killer, Tfh follicular helper T, dsDNA double-stranded DNA, Tfr follicular regulatory T, LN lupus nephritis, Treg regulatory T cell, Breg regu-
latory B cell, mAb monoclonal antibody, /LC innate-like lymphocytes
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produce IL-6 and IL-8, and promote the inflammatory
responses of SLE [33].

pDCs detect ICs presence via their TLRs (7 and 9), and
secret a high amount of type I interferon (especially IFN-a)
[7]. IFN-a secretion in an autocrine manner enhances pDCs
and T-cell activity, indicating adaptive and innate immunity
linkage in SLE pathogenesis [6, 7]. Studies about DCs in
SLE have reported contradictory results. Normal, reduced
[34-40], and increased [41, 42] number of pDCs have been
shown in SLE patients. It has been seemed in the active
phase of the SLE; due to the migration and accumulation
of pDCs into the inflamed tissues, the number of periph-
eral pDCs is reduced [36, 38, 43]. Consistent with this idea,
pDCs have been detected in kidney and cutaneous lesions
of SLE patients [30].

Neutrophils

Neutrophils are considered the most abundant type of granu-
locytes with a short life span. They provide a substantial part
of the innate immune system that promotes inflammation in
the site of infection and eliminate pathogens with diverse
mechanisms. Neutrophils show diverse abnormalities in
SLE including a reduction in phagocytic activities [44], an
impairment production of reactive oxygen species (ROS)
[45], as well as an enhancement of the neutrophil extracel-
lular traps’ (NETs) generation [46]. Phagocytic activity of
neutrophils is required for clearance of apoptotic debris and
nuclear material, which has been seemed reduced in SLE
patients and contributed to SLE development [8]. It seems
that extreme ROS generation and altered redox reaction may
be contributing factors in dysregulated apoptosis reaction
and SLE flare initiation [47]. Different studies emphasize
the substantial role of ROS in dysregulated apoptosis, which
leads to an increased rate of apoptosis and delay in apoptotic
debris clearance. Interestingly, genome-wide association
studies (GWAS) in SLE individuals and animal models indi-
cate the involvement of oxidative stress in SLE pathogen-
esis [47]. For instance, missense single-nucleotide polymor-
phisms (SNPs), in the neutrophil cytosol factor 1 (NCF1)
and NCF2 genes that code p47°"* and p67°" proteins of
NADPH oxidase 2 (NOX2) complex, respectively, have been
found to be correlated to SLE disorder [48, 49]. According
to the study by Olsson Lina M et al., the frequency of a mis-
sense SNP located in exon 4 (rs201802880, here denoted
NCF1-339T) is higher in patients with SLE disorder [49].
The nucleotide alteration from C to T changes the amino
acid from arginine to histidine and leads to diminished extra-
cellular ROS generation in polymorphonuclear (PMN) cells,
especially in neutrophils, and elevated expression of type I
IFN regulated genes [49, 50]. Another mechanism that is
defective in the neutrophils of SLE individuals is NETo-
sis. NETosis is the unique type of cell death and the most

important characteristic of neutrophils activity [4, 51]. The
NET is a network composed largely of immunogenic DNA,
histones, as well as proteins, and it is a rich source of ds-
DNA antigens [4, 52]. An increased level of NET deposition
has been reported in the skin and the kidneys of SLE patients
[51-53]. There is an increased rate of NETosis and a reduced
capacity to degrade NETs due to the lower rate of serum
DNasel activity, as an endonuclease, in SLE patients [7,
53]. In addition, it seems that the increased rate of the NET
formation may be due to disruption of ROS production by
neutrophils which has been seen in SLE patients [6]. There-
fore, this neutrophils-derived DNA in NETs induces pDCs to
produce type I IFN which enhances the formation of NET in
a feedback loop and contributes to disease development [51].

Innate-like lymphocytes

Innate lymphoid cells (ILCs) are the innate counterpart of
T cells that have lymphoid morphology but lack the BCRs
and T-cell receptors (TCR)s, thereby they cannot recognize
antigens directly [7]. ILCs are involved in multiple func-
tions including mucosal immunity, tissue remodeling as
well as maintenance of homeostasis, and regulate adaptive
and innate immunity by producing various cytokines in
response to stimulation. The ILCs have been divided into
five subpopulations including ILCs1, ILCs2, ILCs3, NK,
and lymphoid tissue-inducer (LTi) cells [54]. The ILCs1 and
ILCs2, as well as ILCs3 subtype, produce a set of Th1/Th2
and Th17-related cytokines such as IFN-y, IL-4, and IL-17,
respectively. It was found that the percentage of ILCs1 and
ILCs3 in the peripheral blood of SLE patients increased,
whereas the percentage of the ILCs2 diminished consider-
ably [55]. In contrast, another study indicates that the per-
centage of ILCs3 in the moderate activity stage of SLE is not
considerably different compared to healthy control but in the
severe activity stage is diminished [56]. It seemed the ILCs1
becomes a predominant subset of ILCs is SLE disorder.
Consistent with this idea, the amount of IL-18 and IL-12,
as a dominant cytokine of ILC1, are enhanced in patients
and positively correlated to SLE activity. It seems that ILC1
may be a beneficial indicator of disease activity [56].

Natural killer cells

NK cells can produce a wide range of pro-inflammatory
cytokines (IFN-y and tumor necrosis factor-alpha, TNF-a)
and chemokines (CCL3, CCL4, and CCLY5), in inflammatory
responses. In SLE patients, especially in those with renal
involvement, the frequency of NK cells in the periphery is
lower than healthy controls [57]. The reduced number of
NK cells can be due to the high level of IFN-a, a cytokine
that induces apoptosis in these cells, or due to the migra-
tion of these cells to the disease target organs (especially
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the kidney) [58, 59]. According to the study by Schepis
et al. on SLE patients, in the active stage of the diseases,
the cytotoxic activity of NK cells is down-regulated, while
the rate of cytokine production of these cells is increased
[60]. Dysregulation in cytokine production, like IL-2 as a
critical cytokine in NK-cell development, restricts NK cells’
development and leads to the generation of the immature
NK (iNK) cells in SLE patients [61]. A high level of IFN-y
production by NK cells is correlated with sustained inflam-
mation in the LN and thereby kidney injury. Moreover, the
increased level of the TNF-a is associated with the aber-
rant activity of NK cells and the formation of iNK cells in
patients with SLE disorder [57, 59, 62]. In murine models,
contradictory to the reduced level of NK-cell activity in the
periphery, the level of IL-15 (another cytokine in NK-cell
development) as well as the production of cytotoxic granules
is increased and leads to maintaining the NK-cell activity in
kidneys and promoting intra-renal inflammation and dam-
age. [59, 61, 62]. It seems that cytokines’ alteration directly
affects NK cells activity and changes their maturation pro-
cess. However, more research is required, to understand how
alteration of NK cells can affect SLE progression.

Macrophage

MQs are a type of innate immune cells that may have an
immuno-modulatory, inflammatory, and anti-inflammatory
role in the immune system. Generally, the polarization of
MQs toward to M1 (classically activated) phenotype con-
tributes to the secretion of pro-inflammatory cytokines
like TNF-a and IL-12 and promotes the inflammatory
reaction. Whereas, polarization toward M2 (alternatively
activated) phenotype contributes to the secretion of anti-
inflammatory cytokines like IL-10 and IL-4 and promotes
the immuno-modulatory reaction (63). According to a pre-
vious study, there is no difference between the percentage
of MQs in SLE individuals and the healthy control group
[63]. While another study represents a diminished per-
centage of MQs in SLE patients compared with healthy
control [64]. Given evidence suggested that M1-MQ is
a predominant type of MQs in SLE disorder. Extent pro-
duction of pro-inflammatory cytokines like IL-1p and
IFN-y, as a pro-inflammatory cytokine, has been seen in
SLE patients [65]. In addition, the presence of TNF-a,
IFN-y, and granulocyte—-macrophage colony-stimulating
factor (GM-CSF), in the sera of SLE patients triggers M1
polarization in a positive-feedback loop [63]. Interestingly,
the amount of IL-10, as a prominent cytokine in M2-MQ
polarization, is also high and can be detected in the sera of
SLE patients [63, 66]. Contradictory to IL-10 anti-inflam-
matory manner, IL-10 obtains pro-inflammatory function
in the presence of a high amount of type I IFNs. Infiltra-
tion of monocytes into the renal tissues and differentiation
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to MQs is particularly associated with LN development
and progression [4]. Single-cell transcriptomic analysis
revealed a within-tissue differentiation and transition of
kidney infiltrated monocyte to phagocytic and eventually
M2-like macrophages which may contribute to tissue dam-
age and inflammatory responses [15]. It seems that modu-
lating MQs polarization may have a therapeutic effect in
SLE disorder [63].

Basophil

Basophils are the least type of immune cells in the blood
that are able to link innate and adaptive immune responses
[7, 67]. These cells can trigger CD4" Th2 cells’ differen-
tiation and prevent Thl cells’ differentiation. Basophils
are responsible for inflammatory reactions and involve-
ment in allergic diseases [7]. They can be stimulated via
IgE-dependent and IgE-independent manner to perform
relevant activities, and to generate Th2 cells cytokines like
IL-4 and IL-6 [67, 68].

The basophils of the SLE individuals represent activated
phenotype and overexpress surface markers like CD203c¢
and HLA-DR molecules. Furthermore, the expression of cell
adhesion molecules like L-selectin (CD62L) is enhanced
on their surface, contributing to the increased migration of
these cells to the secondary lymphoid organs (SLOs) [67].
Consistent with this, it has been observed that basophils of
the SLE patients aggregate in SLOs, but this abnormal accu-
mulation did not find in healthy individuals. Interestingly,
in murine models of SLE, SLO-aggregated basophils can
cooperate with B and T cells through the expression of major
histocompatibility complex (MHC)-II and membrane-bound
form of the B-cell-activating factor (BAFF), contributing to
SLE progression. Besides, IgE autoAbs have been detected
in the sera of patients with SLE disorder [67]. It seems that
IgE autoAbs level is associated with disease activity, espe-
cially in patients with LN involvement [68]. The presence of
IgE autoAbs leads to basophils activation in SLE disorder,
and basophils can trigger autoAbs generation by promoting
B cells in a positive-feedback manner. On the other hand,
basophils have been obliquely activated with IL-17A and
induce Th17 differentiation [68]. It seems that basophils
have been involved in the pathogenesis of SLE by support-
ing autoreactive B and T cells to produce autoAbs, promote
inflammatory reactions as well as generation circulating-IC
[67].
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Adaptive immune cells and SLE

Autoimmunity can be triggered by the activation of spe-
cific T lymphocytes that have receptors with reaction affin-
ity to self-antigens and can, in turn, activate autoreactive B
cells and innate immune cells. Given that it is impossible
to eliminate self-antigens completely, autoimmune adap-
tive responses sustain and induced inflammatory organ
damages [69]. Here, we are going to discuss the func-
tion of adaptive immune cells in the pathogenesis of SLE
(Table 1).

T cells

Different T-cell subgroups have roles in the development
of SLE. Here, we will briefly discuss the subsets of T
cells, including follicular helper T (Tth) cells, Th17, regu-
latory T cells (Tregs), and yOT cells that participate in SLE
pathogenesis.

Tth cells have a critical role in the germinal center (GC)
reactions and contribute to B- and T-cell differentiation,
proliferation, and antibody generation by producing IL-21
(Fig. 1) [4]. In SLE disorder, most of the autoAbs have
been shown high-affinity IgG form, indicating the involve-
ment of GC reactions. Therefore, dysregulation of the Tth
cell function can contribute to pathogenic autoAbs genera-
tion and seems to have a prominent role in SLE develop-
ment [70]. It seems dysregulated cytokine levels (IL12,
IL-23, and transforming growth factor-beta, TGF-f) may
lead to abnormal function of circulating follicular regula-
tory T cells (cTfr) [71]. The enhanced rate of IL-21 in SLE
represents an increased number of circulating Tth (cTth)
cells. Moreover, it has been reported that there is a direct
correlation between the level of the anti-dsDNA antibod-
ies and the rate of the cTth cells in SLE patients [4, 72]. It
has been found that the number of cTfr cells was reduced
in SLE, which seemed to maybe a proper indication for
active disease [72].

Signals through co-stimulatory molecules like inducible
costimulator-ligand (ICOS-L) and ICOS have a prominent
role in differentiation, activation, migration, as well as the
survival of Tfh cells. Therefore, inhibition of ICOS-ICOS-
L interaction alleviates SLE symptoms in mice models
[73]. Nonetheless, contradictory to the overexpression of
ICOS in cTth cells in patients with active SLE, the expres-
sion of ICOS-L by APCs has not been up-regulated [74].
Growing evidence suggests that the interaction between
0X40 ligand (OX40L) and OX40 is a more important fac-
tor that contributes to the improper response of Tth cells
in SLE disorder [4, 73]. The up-regulation of OX40L on

CD14" myeloid APC in the blood and inflamed tissues of
SLE patients is promoted by RNA-containing IC. There-
fore, the level of activated Tfh cells associated with the
level of circulating OX40L" myeloid APC [4, 73, 74].

Th17 cells are a subtype of T cells that contribute to
the SLE pathogenesis by producing IL-17 pro-inflamma-
tory cytokine which can change the humoral and cellular
immune response [75]. Th17 cytokines can trigger anti-
body generation via B cells and activate DCs and resi-
dent cells in inflamed tissues. Besides, Th17 can promote
inflammation in the disease target organ and contribute to
SLE progression. The frequency of Th17 cells is raised in
patients with SLE, especially in those with renal involve-
ment, and is correlated with disease activity [76].

Treg cells have an immuno-modulatory role [77], and
their inappropriate activity may lead to autoimmune dis-
orders [78]. The percentage of forkhead box P3 (FoxP3)™*
CD4* CD25*Migh Treg cells and their suppressive function
are decreased in SLE patients [77]. Down-regulation of
FoxP3 in Treg cells results in weakened inhibitory activity
in autoreactive T cells of SLE patients [24, 77]. However,
some studies have reported a raised number of Treg cells
in patients with SLE compared to healthy individuals [77].
Miyara et al. have indicated that CD4+ CD25high Treg
cell depletion in SLE patients leads to the exacerbation of
the disease [79]. Immunosuppressive therapies like glu-
cocorticoids lead to a restoration of functional Treg cells
in SLE patients [78].

vyOT cells are a subtype of T cells that participate in
anti-infection and anti-tumor responses of the immune sys-
tem and have a role in the immunopathogenesis of auto-
immune disorders. It seems that y3T cells in SLE express
APC-specific markers like HLA-DR or CD80/86 can acti-
vate T cells via antigens’ presentation. Furthermore, the
number of these cells is decreased during disease progres-
sion [80]. There is a different subtype of yOT cells that
produces a set of Th1/Th2 cytokines such as IFN-y, TNF-
a, IL-10, and IL-4 [80, 81] that participates in the SLE
pathogenesis. There is another group of ydT cells which
is similar to Th17 cells, called Tyd17 cells, that induces
T-cell differentiation and increases B-cell proliferation and
antibody generation by IL-17 [80]. Although based on Lu
et al.’s study, there is no contrast in the rate of Ty517 cells
in SLE patients compared to healthy individuals [80, 82].
Some subsets of y08T cells represent FoxP3, CD25, and
CD27"e" and CD45RA®Y, and produce TGF-p, known
as regulatory y9T cells, which have an immunoregulatory
function [4, 80]. Based on Li et al.’s study, these regula-
tory cells seemed to be reduced in the peripheral blood
of patients during SLE development and were reversely
related to disease activity [83].
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B cells and autoAbs

B cells are considered a key player in SLE pathogenesis as
the precursors of autoAbs producing plasma cells, and anti-
gen-presenting cells [84]. Mature B cells differentiate into
B1 or B2 cells and the latter is subsequently differentiated
into follicular and marginal zone B cells. The BAFF, known
as B lymphocyte stimulator (BLyS), is an essential survival
factor that is expressed by B cells’ linage cells [85, 86]. This
cytokine is critical for the maintenance and selection of B
cells. The expression and the production of BAFF can be
promoted by inflammatory cytokines, like TNF-a, IFN-y,
and IL-2 [86]. Mounting evidence suggests that the primi-
tive source of BAFF is DCs that are occasionally settled
in mucosal, glandular, and dermal areas. Since the clinical
observations indicate that most involvements of SLE patients
are in the oral and cutaneous areas, it is sensible to contem-
plate that the over activity of DCs may be a providing factor
for an enhanced level of BAFF and thereby SLE progression
[86]. The expression of the BAFF gene is correlated with the
serological activity of SLE disorder, and the level of BAFF
in the serum of SLE patients is raised and it is associated
with the level of anti-dsDNA antibodies [85]. It is suggested
that the level of BAFF gene expression is a better marker for
tracing SLE activity and progression than the serum level of
BAFF protein [87]. The elevated level of BAFF can dimin-
ish the stringency of B cells’ clonal selection, leading to the
remaining autoreactive B cells peripherally [4]. Therefore,
BAFF is a favorable therapeutic target in SLE, and beli-
mumab, an anti-BAFF monoclonal antibody is the first drug
that was approved by the FDA for use in treating SLE indi-
viduals [4]. According to the reports, In SLE patients, there
is an abnormal expansion of the B-cell subpopulation that
can produce anti-dsDNA antibodies [25]. In addition, there
is a deficiency in the removal of autoreactive B cells in SLE
patients even within the inactive phase. Generally, CD19*
B cells’ population includes various subpopulations that are
determined by the expression of CD27 and IgD molecules
such as naive B cells (CD27~ IgD"), IgM memory (CD27*
IgD"), switched memory (CD27" IgD™), and late memory
(CD27" IgD™) B cells. It has been shown that there is an
excessive manner of BCR response and an enhanced rate
of class-switched CD27* IgD~ memory B cells in people
with SLE. Besides, it has been identified another subtype of
memory B cells with CD27~ IgD™ phenotype in individuals
with SLE [88]. In small groups of patients, an enhanced rate
of CD27™ IgD™ memory B cells has been observed which
may be linked with disease activity and renal involvement.
Furthermore, the existence of CD27~ IgD™ memory B cells
is correlated with the existence of anti-dsDNA, anti-smith,
and anti-ribonucleoprotein autoAbs.

Another feature of SLE is an enhanced amount of circu-
lating plasma cells, implying the inappropriate regulation in
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these cells. Abnormal expansion of plasma cells has been
reported in the kidneys of SLE patients. With regards to the
role of B cells and related autoAbs in SLE, thereby B-cell
depletion may be useful to ameliorate SLE flare. Neverthe-
less, B-cell depletion therapy has had no satisfactory results,
due to the regulatory B cells’ (Breg) elimination. Breg cells
regulate B-cell activity via the production of IL-10, hence
Breg cells are called B10 cells [89]. Moreover, IL-35 and
TGF-p produced by Breg cells have a regulatory role on
the rest of the immune cells through inducing Treg cells
[89]. Based on Watanabe et al.’s research on murine lupus,
it has been shown that splenic transferring of IL-10-pro-
ducing Breg cells from wild-type NZB/W F1 mice into
CD197"NZB/W F1 recipients results in reducing symptom
in the recipients [89, 90]. On the other side, it has been found
that some of Breg cells have a deficiency in IL-10 produc-
tion as well as their regulatory function both in human and
mice models of SLE. Therefore, although the number of
Breg cells may be increased in SLE patients, they might
produce little amounts of IL-10 [89, 91].

One of the main characteristics of people with SLE
disorder is the presence of autoAbs. The existence of anti-
dsDNA antibodies contributes to the production of various
cytokines like TNFa, IL-16, IL-6, IL-8, and inducible nitric
oxide synthase (iNOS), which leads to chronic inflamma-
tion and triggers tissue injury [92]. Therefore, SLE patient,
who is positive for anti-dsDNA antibody, is more likely to
have vascular kidney involvement [93]. Anti-dsDNA anti-
bodies are composed of different subtypes such as IgG, IgA,
IgM, and IgE; however, most of the autoAbs subpopulation
is attributed to IgG, and it seems that IgM plays a protec-
tive role in SLE due to its role in clearing apoptotic debris
[92]. In addition to IgG autoAbs, IgE autoAbs is found in
the serum of SLE patients. Growing evidence suggests the
activity of IgE is not limited to allergy reactions and might
participate in inflammatory and autoimmune reactions (94).
A high concentration of IgE-dsDNA in patients with active
SLE has been reported. Production of IgE autoAbs (like
IgG) stimulates pDCs to produce IFN-a, TNF, and IL-6 [4,
31], and contributes to disease progression [94]. Despite the
presence of ICs containing IgE, allergy manifestation is not
observed in SLE patients [94, 95]. IgE blocking antibodies
lead to reduced production of IFN-a. Besides, IgE deficiency
in animal models delays the onset of SLE complications
and diminishes inflammatory cell activation and migration
[94, 95].

Complement system
The imbalance between the rate of production and

clearance of apoptotic debris sometimes is the result of
defects in the complement components. Therefore, these
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deficiencies predispose individuals to the development of
infections and some autoimmune diseases like SLE. The
complement system is a part of the innate immune system
which is responsible for the clearance of apoptotic cells
and destroying microbial components [3]. Antibodies-self
antigens’ immune complexes will be coated with different
components of the complement system like C1q, pentraxin
3, as well as C-reactive protein (CRP) and helping phago-
cytes to destroy them. Deficiency in complement compo-
nents is rare but can be in any of the Clq, Clr, Cls, C4, or
C2. It has been shown that deficiency in the Clq is asso-
ciated with SLE development [96] and patients with Clq
deficiency represent SLE at a young age [13, 97]. It seems
that Clq can modulate DCs function by limiting cytokine
production and downregulation of co-stimulatory mole-
cules and thereby decreases T-cell activation [96]. Moreo-
ver, C1q can inhibit the generation of type I interferon by
pDCs via the inhibition of receptor leukocyte-associated
immunoglobulin-like receptor 1 (LAIR-1 or CD305) [3,
98]. Therefore, a defect in Clq is one of the predispos-
ing factors for SLE. This defect may result from genetic
polymorphisms, its continued use in the active phase of
the diseases [97], and autoAbs generation against it [13,
99]. Studies in SLE patients with renal involvement have
been shown a direct correlation between anti-dsDNA and
anti-C1q antibodies with disease severity and activity [99].

The underlying cause of the initial disruption that leads
to the production of anti-C1q antibodies is not known pre-
cisely [3, 99]. It has been suggested that the conforma-
tional change in the collagen-like region of C1q may lead
to the generation of neoepitopes, known as autoAgs, which
is induced anti-C1q antibodies’ production [97, 99, 100].
Moreover, the presence of pathogenic agents with molecu-
lar mimicry to Clq structure may trigger an autoimmune
response and autoAb production [99]. The production of
anti-Clq antibodies leads to a functional impairment of
Clq and a failure in binding to ICs and apoptotic debris
[99]. Besides, mutations in C/QA and CIQB genes lead
to the abnormality in Clq levels in serum [5] and result
in impairment clearance of apoptotic bodies [7]. Never-
theless, it has been shown that functional deficiency in
Clq can be restored by bone marrow transplantation [4,
5, 101]. Complete homozygous deficiency of C4A or C4B
is one of the contributing factors in developing SLE. C4
has a role in the negative selection by inducing anergy in
B cells, thereby defects in the whole C4 (C4a and C4b)
may increase the number of autoreactive B cells [5, 98]. It
seems that an increased copy number of the total C4 (C4A
and C4B) gene may have a protective role in SLE [13].
Although in another study, no association was observed
between the C4B gene copy number and SLE complication
[5]. It has been reported that increased C4A gene expres-
sion in the Korean population may have a protective role

against SLE, but this finding was not observed in European
individuals [5].

Cytokines and SLE

The cytokine balance appears to be impaired in autoimmune
diseases. Since the connection between the components of
the immune system occurs through cytokines, the role of
these proteins in the progression of autoimmune disorders
is significant. Here, we considered cytokines’ roles in the
pathogenesis of SLE. The cytokines alternations in SLE are
summarized in Table 2.

IFN-a

IFN-a belongs to the type I IFN family and it appears to
be associated with inadequate clearance of apoptotic debris
and inflammation by T cells [102]. IFN-a is the prominent
cytokines in SLE disorder that can promote B-cell activa-
tion and enhance autoAbs production [4]. IFN-a can affect
the expression of some surface molecules (CD80, CD86,
and MHC-II) and promote T-cell activity [31]. IFN-a is
mainly produced by innate immune cells, especially pDCs.
High mobility group box 1 (HMGB1) protein derived from
dead cell components is capable to induce IFN-« production
[103]. Interferon production mostly is affected by the IRF
[17], and various polymorphisms in the /RF locus are linked
with an enhanced likelihood of SLE involvement [66]. Stud-
ies have shown an enhanced expression of the /IRF5 gene
in individuals with SLE [4]. SLE patients with a high level
of IFN-a in serum have an increased likelihood to develop
cutaneous and kidney involvement [100]. Single-cell RNA-
seq (transcriptomics) performed on renal and skin biopsies
from LN patients revealed an up-regulation of type I IFN-
response pathway genes in the tubular cell and keratinocyte
of patients compared to healthy controls, indicating a sys-
temic response to the elevated type I IFN in them. It is also
found that the score of tubular IFN signatures can predict the
response to treatment in LN patients [104, 105] (Table 3).

TNF-a

TNF-a is an inflammatory multipotential cytokine that regu-
lates the immune system. The role of TNF-a in SLE dis-
ease is unclear [106, 107]. TNF-a regulates B-cell activity,
enhances antibody production, increases the expression of
vascular cell adhesion protein-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), and inhibits IFN-a produc-
tion. [106, 107]. UV radiation stimulates keratinocytes to
produce TNF-a. Therefore, it is thought that the use of anti-
TNF therapies may ameliorate SLE symptoms. Neverthe-
less, it has been observed that TNF inhibitors induce the
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Table 3 The effects of sex hormones on SLE

Sex hormones

Molecular alteration

Possible performance

Effects in SLE

Ref

Estrogens

Progesterone

Androgens

Increases IRF-5 expression

Up-regulates the expression of Bcl-2,
CD22, VCAM-1,

PTPN6, BAFF

AICDA, HOXC4

Regulates inflammatory mediators by
mTOR/Akt pathway

Increases expression of ER-a, ER-f,
CD40L, calcineurin

Down-regulates expression of AICDA
and INF-y

Prevents IL-12 signaling

Impedes IRF-7 activation

Suppresses antibodies class switching
Down-regulates Bcl-2 expression

Decreases autoreactive B cells clones’

Increases production of type I IFN espe-
cially IFN-a
Promotes survival of autoreactive B cells

Increases NET formation by neutrophils
Promotes inflammation

Increases CD4 + T cells differentiation
and development

Decreases IgG autoAbs production

Inhibits Th1-type immune response
Triggers Th2-type immune response

Decreases production of type I IFN
especially IFN-a

Impede NETosis process

Decreases IgG autoAbs production

Impedes survival of autoreactive B cells
Increases TGF-1 level

Increases survival of autoreactive B cells

Pathogenic effect [122, 123, 135, 137]

Protective effects

Protective effects

[122, 123, 135]

[123,137]

Prolactin (PRL)
apoptosis
Promotes B cells’ maturation
Increases AutoAbs production especially
ds-DNA antibodies
Promotes inappropriate activity of Treg
cells

Increases production of IL-12, TNF-a,
IL-1B, INF-y
Up-regulates expression of CD40L

Pathogenic effect [123, 136, 138]

Promotes CD4 + T-cell activation

IFN-a interferon alfa, IRF-5 interferon regulatory factor-5, Bcl-2 B cell lymphoma-2, VCAM-1 vascular cell adhesion molecule-1, PTPN6 pro-
tein tyrosine phosphatase non-receptor type 6, BAFF B-cell activating factor, AICDA activation-induced cytidine deaminase, HOXC4 homeobox
C4, NET neutrophil extracellular trap, mTOR mechanistic target of rapamycin kinase, Akt protein kinase B, ER estrogen receptor, INF-y inter-
feron-gamma, autoAbs autoantibodies, TGF-f1 transforming growth factor betal, ds-DNA double-stranded DNA, Treg regulatory T cell, IL-12

interleukin-12, TNF-a tumor necrosis factor-alpha

development of a similar lesion in cutaneous lupus [106].
The reason for this phenomenon can be attributed to the
inhibitory role of TNF-a on the production of IFN-« in
pDCs. Therefore, TNF inhibitors trigger IFN-a generation,
which in turn stimulates the production of other inflamma-
tory cytokines, leading to lupus-like cutaneous lesions [106].
However, short-term anti-TNF therapy may be able to pre-
vent lupus-induced nephritis [106].

TGF-B

TGF-B is an immunosuppressive cytokine that induces
FoxP3* Treg cells to prevent the function of Th1 and Th2
cells [108, 109]. TGF-p expression in SLE patients is con-
siderably lower than in healthy individuals [110]; while
it has been increased in the urine of patients with lupus

nephritis (LN). Studies on murine lupus models have impli-
cated that, besides the TGF-p role in the maintenance of
tolerance, it can cause severe organ injury, thereby more
studies are required to exploit the TGF-p role in SLE patho-
genesis [108].

IL-1

IL-1 superfamily consists of pro-inflammatory and anti-
inflammatory cytokines. IL-1a, IL-1f, and IL-18, as a sub-
set of the IL-1 family, have a pro-inflammatory function,
and may participate in the pathogenesis of SLE. IL-18 can
induce the generation of inflammatory cytokines (IL-1f and
TNF-a) in varied immune cells like Thl cells, monocytes,
and NK cells [102, 111]. IL-18 leads to increase expression
of co-stimulatory molecules, elevates the level of FasL- and
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perforin-mediated cytotoxicity by NK cells, and CD8* T
cell. Since all these immune activities are predominant to
inflammatory reaction and lead to tissue damage may be
a driving factor for developing SLE. There has been an
increased level of IL-18 in SLE patients, while no increase
in the level of IL-1p has been observed [111, 112] On the
other hand, the observations have suggested an association
between the IL-18 and lupus-induced nephritis, although
this association has not been seen with IL-1p [106, 113].
However, some studies suggest a correlation between IL-1f
and SLE disease [106]. Therefore, the role of IL-1f in the
pathogenesis of SLE is controversial and more studies are
required to better understand the function of this cytokine
[112, 114].

IL-2

IL-2 is a growth factor for B and T cells and one of the
essential cytokines for Treg cells’ survival and maintenance.
Besides, it can suppress the generation of Tfr cells. It seems
that IL-2 prevents the function of inflammatory cytokines
like IL-17 [4]. Generally, impaired expression of IL-2 and its
family (IL-15, IL-21) has been found in SLE patients. IL-2
downregulation results in decreased Treg cell population
and reduced activation-induced cell death (AICD) [115].
Besides, reduced IL-2 expression may lead to decreased
cytotoxicity activity of the CD8+T and NK cells [4, 115].

IL-4

IL-4 is commonly known as a cytokine that stimulates anti-
body production as well as regulating humoral and cellular
immunity [102, 106]. Moreover, some studies have sug-
gested a suppressor role for IL-4 on T-cell activity. IL-4 has
a confusing function in the pathogenesis of SLE. According
to the studies on mouse models, IL-4 inhibits B-cell apop-
tosis and contributes to autoreactive B cells’ survival [102,
113]. Furthermore, IL-4 knockout mice produce low levels
of the IgE and IgG1 antibodies. In SLE patients, who are
positive for the anti-dsDNA antibodies, the amount of IL-4
is reduced [102, 116]. However, a reduced amount of IL-4
is involved in the expansion of articular and skin lesions
induced by SLE [106, 116]. More evidence is needed to
clarify the exact function of IL-4 in the SLE pathogenesis.

IL-6

IL-6 is a pleiotropic cytokine (affect the activity of multiple
cell types) that is predominantly produced by MQs, but can
be produced by some other immune cells like lymphocytes.
IL-6 is an essential cytokine in the B-cell differentiation
to the antibody-producing plasma cells in the germinal
center[102]. Moreover, in the periphery, it can induce the
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activation of MQs and promote T-cell function. IL-6 with
TGF-f triggers Th17 cell differentiation via activation of
Th17-related transcription factors (STAT3, RORYt), con-
tributing to the pathogenic role of Th17 cells in SLE. In
addition, IL-6 suppresses Tregs differentiation and activation
and thereby SLE progression [102, 111]. It seems that the
level of autoAbs, especially anti-dsDNA antibodies, and dis-
ease severity are positively associated with IL-6 expression
(107). Therefore, it can be used as a marker for monitoring
the disease. Besides, SLE patients who have high rates of
anti-dsDNA antibody and LN involvement have higher rates
of IL-6 in their urine [107].

IL-10

IL-10 is generally produced by activated MQs, although it
may be produced by some other immune cells like Treg cells
and keratinocytes. IL-10, as an anti-inflammatory cytokine,
can inhibit effector T cells function as well as co-stimulatory
molecules like CD80, CD86, and CD40. Besides, it is capa-
ble to enhance the proliferation and maturation of B cells
and promote immunoglobulin (Ig) class switching [102,
111]. The level of IL-10 directly is linked with the level of
anti-dsDNA antibodies and conversely associated with the
level of C3 and C4 components of complement [102, 106].
It seems that the level of IL-10 in the serum of patients with
SLE is higher than IFN-a, so it can be considered as an SLE
marker [66, 117]. It appears IL-10 suppression which may
limit the renal damage and autoAbs generation in murine
models, thereby the blockade of IL-10 may have a therapeu-
tic effect, but more research is needed to design new thera-
pies [102].

IL-17

IL-17 family consists of 6 members (A to F) [118]. IL-17 is
a pro-inflammatory cytokine that triggers T-cell activity and
induces autoAbs production. IL-17 may cause tissue injury
by developing inflammatory cytokines (IL-1 and IL-6) and
chemokines (CCL2, CCL7, CCL20) [106]. The amount of
IL-17 (produced by Th17) depends on the presence of IL-23
[4]. In addition, IL-23 and its receptor contribute to the pro-
inflammatory function of IL-17 by increasing the extrafol-
licular Tth cells and enhancing the autoAbs formation [119].
IL-17 is involved in the survival and proliferation of B and
plasma cells, antibodies production, and elevated expression
of adhesion molecules [107, 119]. Observations have shown
that the level of IL-17F is increased in subacute cutaneous
lupus erythematosus (SCLE), while the level of IL-17A is
similar to the control group [118]. In SLE patients with LN,
IL-17 producing T cells, migrate to the kidneys and trig-
ger the inflammatory process [120]. Research on the murine
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models has suggested that blockade of IL-17 receptors may
ameliorate renal complications [121].

Steroid hormones and immune system
interactions in SLE

The immune cells are highly responsive to the endocrine
signaling pathway following to the presence of hormone
receptors on the surface of them. The prevalence of the auto-
immune disease is higher in women than men; the underly-
ing mechanism may attribute to the difference in sex hor-
mones. It seems true for SLE disorder, which aggravates
during different sexual alterations like puberty, pregnancy,
and post-partum periods. Steroid hormones are derived
from cholesterol and classified as corticosteroids and sex
steroids [122, 123]. Within two classes according to their
receptors, they are classified into five different subgroups:
glucocorticoids and mineralocorticoids, as corticosteroids
and androgens, estrogens, and progestogens as sex steroid
groups. They are mainly produced by the adrenal cortex,
testes, ovaries, and placenta during pregnancy [4].

Cortisol is the main glucocorticoid, widely known as a
stress hormone; it participates in different functions like
stress-related responses, regulating metabolism, inflam-
matory, and immune responses [124]. It seems that corti-
sol exerts its anti-inflammatory role by inhibiting NF-kB
activity [125]. Cortisol is likely to trigger apoptosis in
pro-inflammatory T cells and, in physiological dose, may
shift immune response from Thl to Th2 [125]. However,
it promotes Treg cells’ survival by activating CD25-related
gene coding. Treg cells needed a high level of IL-2 and its
associated receptors, known as CD25, to activate and per-
form regulatory functions [126]. Glucocorticoids prevent
antibody production and affect B cells at the differentia-
tion, survival, and proliferation stage [127]. They regulate
DCs’ migration and apoptosis and inhibit DCs maturation
by converting them to tolerogenic DCs [125, 126]. In addi-
tion, glucocorticoids prevent neutrophils rolling, adhesion,
and migration by inhibiting adhesion molecules. In contrast,
it may suppress apoptosis in these cells by up-regulation of
anti-apoptotic mediators like myeloid-cell leukemia (Mcf)-1
and X-linked inhibitor of apoptosis protein (XAIP) [124].
Although the same serum level of cortisol was found in SLE
patients and healthy individuals [128], it is reported that
the level of awakening cortisol was significantly higher in
patients with higher ESR compared to patients with lower
ESR [129]. It seems that the hypothalamic—pituitary—adrenal
(HPA) axis exerts partial alternations in SLE patients and
cannot reduce disease inflammation, while treatment with
synthetic glucocorticoids exhibits anti-inflammatory proper-
ties in them [130].

The prominent steroid with a mineralocorticoid function
is aldosterone. Contrary to glucocorticoid, aldosterone raises
NF-«xB activity and regulates the expression of inflamma-
tory genes [131, 132]. It induces an inflammatory response
that triggers DCs activation, enhances B-cell recruitment,
CD4" T-cell differentiation to Th1l and Th17 cells, and
diminish regulatory T cells. According to the Herrada et al.’s
study, aldosterone can trigger CD8' T cells via the DCs-
dependent pathway [133]. It seems MQs and T cells infiltrate
the kidney, heart, and vascular due to the aldosterone secre-
tion which likely leads to end-organ damage [131]. It was
shown that aldosterone receptor blockade leads to reduced
kidney damage, diminished levels of serum autoantibodies,
and decreased proteinuria in murine lupus nephritis [134].

Many sex hormones that influence the immune system
seem to act as triggers or protectors of SLE development.
Mounting evidence reveals a correlation between increased
risk of SLE development and exposure to estrogen, while
progesterone and androgens seem to have a protective role
by impeding the function of the estrogen [4].

Estrogen may contribute to the generation of type I inter-
feron through up-regulation of IRF-3, IRF-5, and IRF-7.
Estrogen participates in autoreactive B cells’ survival by
inhibiting their deactivation or deletion at developmental
checkpoints [123, 135]. It seems that up-regulated expres-
sion of some molecules like Bcl-2, CD22, vascular cell
adhesion molecules (VCAM1), BAFF, and protein tyros-
ine phosphatase contributes to the survival of autoreactive
B cells. Moreover, estrogens augment the antibodies class
switching from IgM to IgG by enhancing the expression
of activation-induced cytidine deaminase (AICDA) and
homeobox protein Hox-C4 (HOXC4) in B cells, contrib-
uting to the high-affinity IgG autoAbs development [124,
127]. Estrogen increases the generation of IgG and IgM
autoAbs against ds-DNA by PBMCs, contributing to the
SLE progression and development. In addition, estrogen
participates in the evolution, differentiation, and function
of CD4" T cells. It has been established that the estrogen
at a low level can trigger Thl responses, while at a high
level might induce Th2 cell responses [123, 135]. Previ-
ous studies in SLE patients document that estrogen triggers
T-cell activation by estrogen receptor (ER)-a and ERf and
up-regulates T-cell activation markers like calcineurin and
CD40 ligand. Estrogen likely participates in the neutrophils’
apoptosis and NETs formation. Administration of estrogen
in SLE-prone women triggers the onset of the disease and
promotes anti-dsDNA antibodies’ production [136].

Contrary to estrogens, progesterone and androgens likely
have a protective role in SLE disorder. Progesterone seems
to have an immune-modulatory role and impede the effects
of the estrogens. Progesterone prevents IRF-7 activation
and TLR-dependent IFN-a generation in pDCs, leading to
relieving the IFN signature and disease severity [122, 135].
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Besides, progesterone has a contracting effect in the context
of IgM to IgG class switching of B cells by preventing the
expression of AICDA, leading to a decrease in pathogenic
IgG autoAbs development. In addition, NET formation and
NETosis can be impeded by progesterone [123]. Based on
studies on animal models, administration of medication that
contains progesterone may reduce autoAbs production and
ameliorate renal complications in SLE disease [123].

In contrast to estrogens, androgens likely elevated the
checkpoints for induction of apoptosis in autoreactive B
cells, possibly related to the diminished Bcl-2 expression in
B cells [123, 135]. Furthermore, it can diminish IgG auto-
Abs generation by suppressing antibodies class switching.
Androgens impede autoimmune development by increas-
ing the level of TGF-B1. The result from the clinical trial
reveals a decreased level of plasma androgen in SLE indi-
viduals. According to the Singh et al.’s study, the plasma
level of estradiol, as the most common type of estrogens in
women of childbearing age, enhanced, and testosterone level
diminished in SLE female individuals [137]. In accordance
with their report, exposure of the Treg cells to testosterone
promotes FoxP3 CD4 + Treg cell generation in SLE female
patients. Indeed, the plasma level of testosterone in SLE
females is directly associated with FoxP3 expression (137).

Prolactin (PRL), as a peptide hormone, is generated by
the anterior pituitary and lymphocytes that participate in
immune responses. In the SLE context, it seems to affect
the negative selection of autoreactive B cells and dysregu-
late receptor editing, contributing to the survival and pro-
liferation of the autoreactive B cells, and autoAbs forma-
tion [123, 138]. SLE patients with high levels of PRL have
raised levels of anti-cardiolipin, anti-dsDNA, anti-La, and
anti-Ro antibodies Accordingly, PRL likely up-regulates the
expression of INF-y, CD40L, IL-2, and IL-12, contributing
to CD4* T-cell activation and SLE development [123, 138].
Several reports dedicate the correlation between a low level
of PRL with a decreased level of complements, neurological,
hematological, and renal complications in SLE patients. In
pregnant SLE patients, the presence of anti-PLR antibodies
or administration of medicine against PRL may ameliorate
SLE complications [136, 138].

Concluding remarks

Alternations in different innate and adaptive immune cells
and their cytokines have been observed in SLE patients.
According to the immunopathogenesis of SLE’s disorder,
the principal reason for the SLE development is attributed
to ICs deposition on the walls and surface of arteries and
organs. The self-tolerance of the immune system is disrupted
for unknown reasons, and the autoreactive B cells’ clones,
which are normally removed by negative selection, remain
and produce a wide range of autoAbs. Indeed, an increased
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rate of apoptosis in non-immune cells and a decreased rate of
apoptosis in autoreactive clones of immune cells, like a dom-
ino, trigger other parts of the immune system. Besides, the
innate immune system poses a critical role in the pathogen-
esis of SLE by the production and promotion of pro-inflam-
matory cytokines and mediators. These mediators boost
local inflammation, trigger self-tolerance breakdown, and
further activate the adaptive immune system. In addition, it
is well established that the sex hormones and the immune
system have an interaction; thereby, an abnormal endocrine
alteration may be the cause of the clinical manifestations of
autoimmune diseases like SLE. Following the multifactorial
nature of SLE and the unknown primary cause of its onset,
prevention and treatment of this disease are associated with
obstacles. Further studies may lead to the development and
advancement of biological therapies with fewer side effects.
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